The application of tumor immunotherapy to glioblastoma (GBM) is limited by an unprecedented degree of immune suppression due to factors that include high numbers of immune suppressive myeloid cells, the blood brain barrier, and T cell sequestration to the bone marrow. We previously identified an increase in immune suppressive myeloid-derived suppressor cells (MDSCs) in GBM patients, which correlated with poor prognosis and was dependent on macrophage migration inhibitory factor (MIF). Here we examine the MIF signaling axis in detail in murine MDSC models, GBM-educated MDSCs and human GBM. We found that the monocytic subset of MDSCs (M-MDSCs), expressed high levels of the MIF cognate receptor CD74 and was localized in the tumor microenvironment. In contrast, granulocytic MDSCs (G-MDSCs) expressed high levels of the MIF non-cognate receptor CXCR2 and showed minimal accumulation in the tumor microenvironment. Furthermore, targeting M-MDSCs with ibudilast, a brain penetrant MIF-CD74 interaction inhibitor, reduced MDSC function and enhanced CD8 T cell activity in the tumor microenvironment. These findings demonstrate the MDSC subsets differentially express MIF receptors and may be leveraged for specific MDSC targeting.
Introduction
Glioblastoma (GBM) is the most prevalent primary malignant brain tumor and remains uniformly fatal despite aggressive therapies including surgery, radiation, and chemotherapy 1, 2 . With limited treatment options, the success of immunotherapies in other advanced cancers, including melanoma and non-small cell lung cancer, has inspired investigation of immune based therapies in GBM [3] [4] [5] [6] . However, early clinical trials of immune checkpoint therapies in GBM have demonstrated limited response, if any, and despite some evidence of immune cell accumulation, GBM growth persists 7, 8 . One explanation for these failures could be the potent immunosuppressive factors present in GBM, including the high tumor content of myeloid-derived suppressor cell (MDSC) [9] [10] [11] [12] . MDSCs are a heterogeneous population of bone marrow-derived cells consisting of monocytic (M-MDSC) and granulocytic (G-MDSC) subsets that accumulate in the tumor, spleen, and peripheral blood of GBM patients, where they exert immune suppression by dampening the function of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) [13] [14] [15] [16] [17] [18] .
Recent work from our laboratory and others identified an increase in circulating M-MDSCs in the peripheral blood of GBM patients compared to benign and grade I/II glioma patients 9, 19 . However, this difference was not observed for other immunosuppressive cell populations, such as macrophages or T-regulatory cells, which were not different between patients of different glioma grades. In addition, MDSCs in the peripheral circulation and infiltrating in the GBM microenvironment correlated with poor prognosis 9, 19 . Based on these observations in GBM and other cancers, attempts to target MDSCs using multiple approaches, including low-dose chemotherapy in a recent GBM trial are in clinical evaluation 20 . Notably, these approaches use non-specific strategies that attenuate MDSCs, as opposed to targeted approaches that are MDSC-specific and may have a higher therapeutic utility.
In seeking to develop MDSC targeted therapies to reduce immune suppression, we focused our attention on macrophage migration inhibitory factor (MIF). Targeting MIF is of interest due to our previous work where we observed that MIF derived from GBM cells, specifically therapeutically resistant cancer stem cells (CSCs), was necessary for MDSC survival and function 21 . Moreover, reducing MIF levels in GBM cells did not alter their proliferation, but when transplanted into an immune competent orthotopic model, resulted in increased host survival and an increase in the number of CD8 T cells in the tumor microenvironment. MIF has also been shown by other groups to enhance the immune suppressive capacity of myeloid cells 22 ; for instance, MIF downregulation was demonstrated to aid in the resistance of anti-VEGF therapies 23 . In seeking to understand exactly how MIF effects the immune response in GBM one must consider that it has been shown to be highly context specific, exerting both inflammatory and anti-inflammatory effects depending on the disease and tissue 21, [24] [25] [26] [27] [28] . MIF signals through a variety of receptors, including via its cognate receptor CD74, and by non-cognate interactions with CXCR2, CXCR4, CXCR7. CD74 is the cell surface form of the Class II invariant chain, but is expressed independently of Class II to mediate MIF signal transduction [29] [30] [31] . MIF binding to CD74 leads to the recruitment of CD44 as a signaling co-receptor, leading to downstream pERK signaling. By contrast, MIF signaling through CXCR2 primarily activates PI3K/AKT pathways 32 . The pharmacologic targeting of MIF has also been of great interest in a variety of inflammatory conditions including multiple sclerosis, systemic lupus erythrematosus, rheumatoid arthritis, inflammatory bowel disease, and other inflammatory disorders 22, [33] [34] [35] [36] [37] [38] [39] [40] . Additionally, clinically approved MIF inhibitors have been developed that could potentially be repurposed for GBM 33 . To gain a more mechanistic understanding into the MIF signaling axis in MDSCs for potential targeting GBM, we examined the expression and function of MIF receptors in MDSCs derived from mouse and human GBM models.
Methods

Co-culture assay
Co-culture induction of MDSCs was adapted from previously described work in melanoma 28 . At day zero bone marrow (BM) was freshly isolated from the tibias and femurs of male 000664-C57BL/6J. To obtain BM derived MDSCs, the freshly isolated BM was incubated for 3 days in a medium consisting of 50% conditioned medium from a 24hr GL261 (glioma) cell line culture and fresh RPMI medium with 10% FBS. Additionally, this medium was supplemented with GM-CSF (40 ng/mL, Biolegend Catalog # 575906), and IL-13 (80 ng/mL, Biolegend Catalog # 576306), which have been shown to increase MDSC expansion and activity. BM was cultured in this medium in 6 well plates at a density of 2,000,000 cells per well as previously described and utilized for analysis on day 3 post initiation 28 .
Flow cytometry of co-culture
At day 3 of the co-culture cells were extracted from the wells using gentle washing with RPMI medium, blocked in FcReceptor block (Miltenyi Biotec 130-092-575) and then stained live on ice. Samples were then fixed using eBioscience fixation buffer before analysis. Gating 
T cell suppression assay
At day 3 post MDSC co-culture, T cell suppression was assessed. Splenocytes were freshly isolated from male 000664-C57BL/6J mice using sterile techniques. Post isolation the red blood cells were lysed using RBC lysis buffer (Biolegend Catalog # 420301) before being magnetically sorted using the (Pan T cell isolation kit Catalog RNA was isolated using Qiagen RNeasy Mini Kit and cDNA was generated using aScript cDNA SuperMix (Quantabio). After cDNA generation qPCR was performed using the Fast SYBR™ Green Master Mix (ThermoFisher Scientific).
GBM-seq database mining
Darmanis, S et al., Cell Reports 2017data was utilized in this analysis where normalized count data was acquired from GBMseq.org 42 . Subsequently, CD74 and other MIF receptor expression levels were graphed for the myeloid populations and other immune populations as characterized by Darmanis, S et al. in their supplemental data. All populations' names were kept the same as previously published and identified.
MIF inhibitor screen
The co-culture system was utilized to screen inhibitors of MIF and MIF/CD74 interaction by dosing inhibitors at day zero when the co-culture was initiated and then reading out % MDSCS of live cells by flow cytometry. The same gating strategy as in the co-culture methods section was used to determine if the MDSC population was shifting. Screens were performed in biological replicates of 3 on two separate experiments for a total of 6 biological replicates. The studied MIF inhibitors were anti-MIF mAb (IIID.9), 4-IPP (Tocris Catalog # 3429) 43 , Ibudilast (gift of Medicinova) [44] [45] [46] , ISO-1 (Tocris Catalog # 4288) 43 , MIF098 [47] [48] [49] , AV1013(gift of Medicinova) 46 , and the PDE4 inhibitor was Rolipram (Tocris Catalog # 0905).
In vivo syngeneic glioma model
Ibudilast treatment was assessed in two cohorts using the syngeneic mouse model of glioma GL261 acquired from the NCI. 6-week-old aged-matched male 000664-C57BL/6J mice were anesthetized using isoflurane and then intracranially injected in the left cerebral hemisphere with 20,000 GL261 cells in 5 l of RPMI medium using Additionally, tumor could not be identified visually at day 18 in 3 ibudilast treated mice and 2 vehicle treated mice, so their matched non-tumor bearing tissue was not included in analysis.
Nanostring analysis
RNA was isolated using RNeasy mini kit (Qiagen) and then the nCounter® Mouse Myeloid Innate Immunity
Panel v2 was used to analyze the RNA expression of tumors isolated from 6 endpoint vehicle tumors and 6 endpoint Ibudilast treated animals.
Immunohistochemically analysis
At endpoint, vehicle and ibudilast treated animals were perfused with 4%PFA before removing the brain and fixing in PFA overnight at 4 °C. Post Fixed brains were cryopreserved in sucrose and embedded in O.C.T compound (Fisher Healthcare) to make frozen sections (10µm thick). Endogenous peroxide activity was quenched by 3% H2O2 incubation and blocked in 5% normal goat serum/0.2%Triton in PBS for 30 minutes before primary antibodies were added. Phospho-Histone3 (1:500, catalog # 06-570, MillopreSigma) and Ki67
(1:1,000, catalog # ab15580, Abcam) antibodies were allowed to bind overnight at 4 °C. After rinsing with 1xPBS, biotinylated secondary antibodies (1:500, Invitrogen) were added and incubated at RT for 1hr. Signal was amplified using avidin-biotin complex staining (30mins) before DAB substrate was used to visualize the signal (Vector Laboratories). Hematoxylin was used for counterstain. After washing in PBS, the slides were dehydrated through alcohol series and mounted with Permount (Fish Chemical).
Statistical analysis
Graph-Pad Prism was utilized for statistical analysis of survival curves for log-rank tests and also for T-tests throughout the manuscript. *<0.05, ** <0.01, ***<0.001. Nanostring statistics were performed within nSolver software supplied by Nanostring and the advanced analyzer V 4.0.
Results
Development of MDSC co-culture to study the MIF signaling axis
While MDSCs have been linked to GBM prognosis and progression, technical hurdles including the inability for their long-term expansion have been a challenge for mechanistic insight and functional assessment 9, 19, 50 .
Previously our group identified MIF secreted by GBM CSCs and driving MDSCs, however the mechanism by which MIF increased MDSC function remains unclear 21, 22 . Initially we sought to determine if the survival extension we previously observed with MIF knockdown GBM cells was solely due to an immunologic event. We performed the same studies in immune compromised NSG mice and found that there was no survival benefit when the adaptive immune response was absent (Supplemental Figure 1A-B ). Furthermore, when MIF was depleted using an established neutralizing anti-MIF antibody 5-days post tumor implantation there was no survival benefit (Supplemental Figure 1C) . These findings confirm our previous observations that MIF likely acts on the immune system, as opposed to acting on GBM cells in an autocrine manner. To further understand how GBM-derived MDSCs function, we adapted a co-culture system previously developed in a melanoma model ( Figure 1A ) 28 to validate the subsets, and G-MDSCs were observed to have increased Ly6G and iNOS, while M-MDSCs highly expressed Arginase-1 ( Figure 1C) . These data validate a model system for generating functional GBM-educated
MDSCs as a platform for functional assessment and inhibitor studies.
In vivo and in vitro analysis demonstrate M-MDSCs with surface expression of the MIF receptor CD74
In order to determine the MDSC subset driving immune suppression GBM, we used a syngeneic model of glioma GL261, which was intracranially implanted to generate syngeneic tumors. At day 18 post implantation the tumor bearing (left) and non-tumor bearing (right) hemispheres were removed and analyzed by flow cytometry for MDSC subpopulations using the same gating strategy as in the co-culture system with the addition of pP2RY12 to exclude microglia. Analysis identified higher levels of M-MDSCs in the tumor bearing and non-tumor bearing hemispheres of the brain compared to G-MDSCs (Figure 2A) . In order to determine the MIF receptor profiles, flow cytometry of the MIF receptors CD74, CXCR2, CXCR4, and CXCR7 was performed 3-days post co-culture initiation (Figure 2B, C) . The percent positive for each receptor was analyzed by flow cytometry, which identified M-MDSC as having high expression of CD74 and its co-receptor CD44, while G-MDSCS primarily expressed CXCR2 (Figure 2B, C) . FACs sorted M-MDSCs and G-MDSCS from co-cultures confirmed these findings,
showing CXCR2 expression in G-MDSCs, and CD74 with the downstream effector MCP-1 as being highly expressed, suggesting activation through MIF/CD74 signaling axis (Figure 2D) 51 . Furthermore, the analysis of M-MDSCs by flow cytometry showed high levels of CD74 expression compared to G-MDSCs (Figure 2E) , and when quantified significantly higher than in G-MDSCs (Figure 2F) . Interestingly, when MDSCs were permeabilized and stained for intracellular CD74 there was no difference between G-and M-MDSCs in the intracellular amounts of CD74 (Figure 2G) . In vivo analysis of M-MDSCs in the tumor microenvironment using the syngeneic glioma model further supports these findings by showing the mean fluorescence intensity (MFI) of CD74 as higher on M-MDSCs compared to G-MDSCs or microglia of the tumor bearing hemisphere (Figure   2H ). Taken together, these data demonstrate differential MIF receptor expression in MDSC subsets in mouse models.
GBM patient derived specimens show the MIF receptor CD74 expressed on MDSCs and associate with poor prognosis.
To determine if the findings in the mouse glioma model are recapitulated in the tumor microenvironment of human GBM patients, we utilized bioinformatics analysis of previously published single-cell sequencing datasets and flow cytometry analysis of GBM tumor specimens. The GBMseq dataset provides single cell sequencing of 3,589 cells from a cohort of 4 GBM patients annotated for their population names 42 . Utilizing this dataset, we isolated the log2 counts for the myeloid populations identified and looked at the MIF receptor expression of CXCR2, CXCR4, CXCR7, CD74, and CD44 (Figure 3A) 31 . Statistical analysis revealed that CD74 was most highly expressed in the myeloid populations. Furthermore, using the annotated populations, the level of CD74
expression was compared across all populations in the GBMseq dataset, which revealed highest levels on the myeloid cells (Figure 3B) . To validate these findings, a separate cohort of 8 GBM tumors were analyzed by flow cytometry using a human panel previously validated, where M-MDSCs were identified by the following gating strategy singlets/live/HLA-DR -/CD33 + /CD11b + /CD14 + /CD15and G-MDSCs by singlets/live/HLA-DR -/CD33 + /CD11b + /CD14 -/CD15 + . The expression of CD74 and CXCR2 were analyzed on reach subpopulation by MFI, where CD74 was shown to be more highly expressed on M-MDSCs, while CXCR2 was more highly expressed on G-MDSCs (Figure 3C) . Based on these findings, we tested the hypothesis that MIF and CD74 are signaling together and driving GBM immune suppression. We analyzed the cancer genome atlas (TCGA)
GBMLGG database for survival and MIF expression and CD74 expression and the combination (Figure 3E-G) .
These data demonstrate that MIF and CD74 expression individually predict a poor prognosis, but when combined into MIF and CD74 double high as defined by greater than median expression of MIF and CD74, then the prognosis becomes poorer as demonstrated by hazard ratios MIF alone HR: 1.51, CD74 alone HR: 1.69, MIF/CD74 HR:2.45 (Figure 3G) . These data demonstrate that human GBM specimens' express high levels of CD74 in M-MDSCs in the tumor microenvironment that are linked to poor patient prognosis.
MIF inhibitor screening identified the MIF/CD74 interaction inhibitor Ibudilast
In order to identify a potential targeted therapy that acts on the MIF/CD74 signaling axis and neutralizes M-MDSCs, we utilized the in vitro co-culture system to generate glioma educated MDSCS in the presence of different small molecule MIF inhibitors. In this system the generation of M-MDSCs was monitored at day 3 post co-culture in the presence of various MIF inhibitors at 200 µM, a concentration achieved reached in circulation with Ibudilast, a primary drug of interest due to its known toxicity profile and ability to penetrate the blood brain barrier (Figure 4A) 45 (Figure 4A) .
This reduction in M-MDSCs was not a result of a major change in cell viability as assessed by live/dead staining.
Additionally, the MIF inhibitor 4-IPP, which does disrupt the interaction of MIF with CD74 showed no efficacy ( Figure 4A) 43 . While ibudilast has been shown to inhibit the interaction of MIF and CD74, there are also reports that it is a phosphodiesterase inhibitor 53, 54 . To assess specificity, we compared Ibudilast at 100 µM and 200 µM to Rolipram, which is a known specific and potent phosphodiesterase inhibitor at the same concentrations ( Figure 4B) 55 
Ibudilast treatment reduced MIF/CD74 signaling in a syngeneic model
To determine the in vivo effects of Ibudilast treatment, a cohort of tumor bearing animals were treated 5 days post tumor implantation (at 50 mg/kg 2x weekly based on previous experiments and the known effect dose effect of Ibudilast in a murine model 45 ) . Daily dosing has been demonstrated in rodents to increase CYP enzymes and degrade ibudilast, reducing the bioavailability 45 , and thus high doses of bi-weekly ibudilast was chosen for this treatment. Animals were analyzed at endpoint and tumors were dissected from the brain for RNA analyses by Nanostring Ncounter myeloid panel. Initial analysis by principal component analysis revealed that vehicle tumors and ibudilast tumors separate and the separation is driven by the vectors of MIF, CD74, PTGS2, Arg1, CXCR2
( Figure 5A) . A volcano plot comparing the significantly differentially expressed genes between vehicle and ibudilast treated tumors showed significant change in immune genes upon treatment (Figure 5B) . Pathway analysis between vehicle and Ibudilast treated tumors showed reduced antigen presentation, which coincides with reduced CD74 and MHC expression following the hypothesis that Ibudilast is targeting CD74 in vivo as well as in vitro (Figure 5C ). Pathway analysis also demonstrated increased Lymphocyte activation upon treatment showing possibly increased immune response (Figure 5C ) and CD74 expression was reduced upon treatment as expected (Figure 5D) . Furthermore, analysis of Nanostring data also revealed a predicted reduction of MEK2 expression, which is downstream of MIF/CD74 signaling (Figure 5E) and consistent with the western blot findings of reduced pERK signaling upon Ibudilast treatment. Flow cytometry analysis of tumor, non-tumor, and blood from this cohort at day 18 post injection tumors, 14 days of Ibudilast treatment, identified an increase in CD8 T cells specific to the tumor, while other immune cell populations were unchanged (Figure 5F,   Supplemental Figures 2,3) . Additionally, immunohistochemistry staining identified a reduction of proliferation in Ibudilast treated tumors via reduced p-Histone3 and ki-67 staining (Supplemental Figure 4) . Importantly, we saw no changes in other T cell or myeloid cell populations, including the overall number of CD45+ cells (Supplemental Figures 2,3) . Taken together, these data reveal that CD74/MIF inhibition via Ibudilast can reduce MDSCs in vivo and increase immune activation in the tumor microenvironment.
Discussion
While multiple groups including our own have identified MDSCs as being increased in GBM and other cancers 9, 11, 12, 19, 21 , our understanding of the factors driving these cells has been lacking and strategies to target these cells has not matured. Here we focused our efforts on MIF as a driver of MDSCs based on our previous work showing that MIF depletion could reduce MDSC function 21 . Additionally, multiple groups have indicated a link between MIF and MDSCs 22, 28, 56 . Here we found that the receptor CD74 may play a greater role in GBM MDSC biology because the subset of MDSCs primarily found in the tumor microenvironment were M-MDSCs, which primarily express CD74 as a MIF receptor. This is in contrast to metastatic breast cancer models that show G-MDSCs infiltrating tumors and driving metastasis 57, 58 ; where in those cases we would hypothesize that CXCR2 or another MIF receptor may play a more vital role.
In seeking to target the interaction of MIF and CD74 on MDSCs we identified Ibudilast as an agent of interest, and were able to treat mice to reduce CD74 expression and increase CD8 T cells in the tumor. One difficulty in using Ibudilast in mouse models is the drug passage effect, where daily treatment increases CYP enzymes leading to rapid degradation 45 . However, in humans the drug is stable in the circulation and accumulates in the CNS with repeated exposer such as daily dosing 44, 52 . For these reasons in the mouse model we settled on a 2x weekly dose of Ibudilast to minimize the drug passage effect, but believe that Ibudilast may be more efficacious in humans than in mouse models. Efforts are currently underway to evaluate Ibudilast in GBM in a clinical trial (NCT03782415) 34 and will likely provide more insight into how this drug effects the anti-tumor immune response.
Additionally, Ibudilast recently demonstrated promising results in a phase 2 clinical trial of multiple sclerosis, where it is thought to have a protective effect by reducing brain atrophy, as compared to anti-inflammatory drugs commonly used to treat multiple sclerosis 35 .
In summary we believe that the M-MDSCs driven by GBM secreted MIF is signaling through the MIF receptor CD74 (Figure 6) . The interaction between MIF and CD74 subsequently results in pERK signaling, a cascade previously shown in a liver injury model to drive MCP-1 recruiting monocytes to the microenvironment and enhancing the expansion of M-MDSCs (Figure 6 ) 48, 51, 59 . Our data supports that the signaling pathway initiated by the interaction of MIF and CD74 can be disrupted by the blood brain barrier penetrant small molecule inhibitor, Ibudilast, to reduce M-MDSC function. While our data demonstrates these phenomena, we did not readily observe enhanced survival in our model that involved the use of Ibudilast as a single agent. Nonetheless, we observed that Ibudilast produced an expansion of CD8 T cells and Nanostring analysis predicted an increase multiple pathways including lymphocyte activation. These findings support an interpretation that inhibition of immune suppression, alone, will not be sufficient to produce an anti-tumor immune response. This interpretation mirrors the clinical trial results to date that indicate that treatment with an immune stimulatory therapy alone has been an ineffective strategy. Instead, we hypothesize that better clinical outcomes will be seen when the reversal of tumor-induced immune suppression associated with Ibudilast is combined with an immune stimulatory therapy. 
Figure Legends
